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Breather solutions of the nonlinear Schro¨dinger equation (NLSE) are known to be considered as
backbone models for extreme events in the ocean as well as in Kerr media. These exact determinisitic
rogue wave (RW) prototypes on a regular background describe a wide-range of modulation instability
configurations. Alternatively, oceanic or electromagnetic wave fields can be of chaotic nature and
it is known that RWs may develop in such conditions as well. We report an experimental study
confirming that extreme localizations in an irregular oceanic JONSWAP wave field can be tracked
back to originate from exact NLSE breather solutions, such as the Peregrine breather. Numerical
NLSE as well as modified NLSE simulations are both in good agreement with laboratory experiments
and highlight the significance of universal weakly nonlinear evolution equations in the emergence as
well as prediction of extreme events in nonlinear dispersive media.
Ocean extreme waves, also referred to as freak or rogue
waves (RWs), are known to appear without warning and
having disastrous impact, in consequence of the substan-
tial large wave heights these can reach [1, 2]. Studies
on RWs attracted the scientific interest recently due to
the interdisciplinary nature of the modulation instability
(MI) of weakly nonlinear waves [3–5] as well as for the
sake of accurate modeling and prediction of these mys-
terious extremes [6–9]. Indeed, exact solutions of the
nonlinear Schro¨dinger equation (NLSE) provide back-
bone models that can be used to describe RWs, providing
therefore deterministic numerical and laboratory proto-
types to reveal novel insights of MI [10]. Within the vast
range of pulsating NLSE solutions on finite background,
there is one prominent candidate that is known to have
similar physical properties as ocean RWs, namely, the
doubly-localized Peregrine breather (PB) [11, 12]. De-
spite the fact that it is theoretically assumed that the
modulation period of the PB is infinite, laboratory ob-
servations confirmed that a finite number of waves in
the background is sufficient to initiate its dynamics in
nonlinear dispersive media [13–15]. These observations
also proved that extreme localizations can be indeed dis-
cussed by means of the NLSE, despite violation of the
theoretical assumption of the wave field to be or remain
narrow-banded.
Based on this latest progress, it is reasonable to study
the dynamics of breathers, assuming irregularity of the
underlying wave field in order to quantify limitations of
the approach and to enlarge the scope of possible applica-
tions such as in oceanography. In fact, ocean waves’ mo-
tion can be narrow-banded, such as in the case of swell.
However, when winds, currents and wave breaking are at
play, the wave field may experience strong irregularities, a
state that limits applicability of the NLSE. Nevertheless,
recent laboratory experiments showed the persistence of
the PB in the presence of strong wind [16] and therefore
its physical robustness to perturbations. To the best of
our knowledge, the emergence of a RW in an irregular
random wave field has never been tracked back to start
from NLSE breather dynamics in a laboratory environ-
ment.
Here, we report an experimental study confirming the
possibility for exact breather solutions to trigger extreme
events in realistic oceanic conditions. According to this,
the PB has been embedded into a JONSWAP field [17],
thus, into a realistic irregular ocean configuration with
random phases in order to provide initial conditions for
the experiments. In this latter hybrid surface elevation
the unstable Peregrine wave packet perturbation, now
cloaked in the irregular state, initiate the focusing of
an extreme wave that satisfies the oceanographic defini-
tion of RW, that is, the height of the measured extreme
wave indeed exceeds twice the significant wave height of
the wave record. The experimental results are compared
with NLSE and modified NLSE (MNLSE) predictions
that show a good agreement. This certifies the possible
life span of NLSE models in broad-banded processes, a
fact that may be valuable in the prediction of extreme
events as well as in extending the applicability range of
deterministic localized structures in optics and ocean en-
gineering.
The uni-directional evolution of water wave packets
Ψ(x, t) can be modeled by means of the time-NLSE [2, 18]
i
(
Ψx +
2k
ω
Ψt
)
− 1
g
Ψtt − k3 |Ψ|2 Ψ = 0, (1)
where g denotes the gravitational acceleration and the
wave frequency ω is connected to the wave number k
through the linear dispersion relation ω =
√
gk. An effi-
cient way to model and generate a single extreme event
on the water surface can be achieved by use of the PB
[11]. When considering the scaled form of the time-NLSE
iψX + ψTT + 2|ψ|2ψ = 0, (2)
this latter solution with algebraic instability growth rate
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ψP (X,T ) =
(
−1 + 4 + 16 iX
1 + 16X2 + 4T 2
)
exp (2 iT ) . (3)
The PB solution (3) is depicted in Fig. 1 while its physi-
cal properties are described in the Fig. 1’s caption. This
FIG. 1. (Color online) Doubly-localized PB solution, which
enhances the amplitude regular wave field by a factor of three.
solution is subject of intensive studies [13, 19, 20] due its
particular physical features including the fact that it de-
scribes the MI in the case of infinite modulation period.
Interestingly, this breather (or any other doubly-localized
solution of this kind [4, 21]) does not require an infinite
number of waves in order to observe its dynamics in a
physical medium [22]. Based on this fact, the aim of this
study is to investigate the possibility of the PB’s focus-
ing feature to persist in chaotic conditions. To achieve
this, a dimensional form of the solution is embedded in
an oceanic JONSWAP wave field, as shall be described
in the following.
The experiments have been performed in a deep-water
facility, see details in [23]. The dimensional amplitude of
the carrier has been set to be a = 0.75 cm, while the the
steepness is ak = 0.08. Thus, the wave peak frequency
is fp = 1.7 Hz. Considering the expression of the water
surface elevation being
η (x, t) = Re (Ψ (x, t) exp[i (kx− ωt)]) , (4)
the temporal surface displacement of the Peregrine model
ηP (t) is determined in the expectation to observe the the-
oretical maximal breather compression 6 m from the wave
generator, i.e. ηP (t) = ηP (x = −6, t), see upper panel
of Fig. 2. In the next step ηP (t) will be embedded in
a chaotic wave field. Generally, one possibility to gen-
erate realistic oceanic sea states, is for the energy of the
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FIG. 2. (Color online) Upper panel: The Peregrine water sur-
face displacement for ak = 0.08 and a = 0.75 cm, determined
at x = −6 m (blue line). Lower Panel: The surface displace-
ment of the PB of the upper panel, embedded in a JONSWAP
wave field having a significant wave height of 3 cm with peak
enhancement factor γ = 6 at the same frequency of fp = 1.7
Hz (red line). This signal will then be used to generate the
wave motion by the wave maker.
irregular wave field to satisfy a JONSWAP spectrum [24]
S(f) =
α
f5
exp
[
−5
4
(
fp
f
)4]
γ
exp
− (f − fp)2
2σ2f2p

. (5)
We set the frequency peak at fp = 1.7 Hz, the significant
wave height of the wave field, defined as four times the
standard deviation of the wave field [1], to be Hs = 3
cm and the enhancement factor γ = 6. Furthermore,
σ = 0.09 if f > fp and σ = 0.07 if f ≤ fp. Note
that the JONSWAP spectrum is just a peaked-enhanced
extension of the Pierson-Moskowitz spectrum [24]. A
JONSWAP surface displacement realization with random
phases ϕn ∈]0, 2pi[ is then determined by [25]
ηJONSWAP(0, t) =
N∑
i=1
√
2S (fn) ∆fn cos (2pifnt− ϕn).
(6)
The Peregrine surface elevation ηP (t) is now added to
a JONSWAP realization with random phases ηR(t), as
described above, in which the main peak of the latter
has now been removed accordingly to be replaced by the
Peregrine energy in the new constructed hybrid surface
elevation
ηhybrid(t) = ηP (t) + ηR(t) (7)
The hybrid time-series (7) is therefore a JONSWAP re-
alization, with parameters as mentioned above, having
3a Peregrine energy peak. It is shown in the lower panel
of Fig. 2 and is now chosen as a boundary condition
to drive the wave maker. We point out that the un-
stable Peregrine envelope perturbation is now cloaked in
the JONSWAP wave train, which reveals several in wave
height similar wave modulations as the Peregrine-type
wave packet. Note that MI in JONSWAP random sea
states has been discussed in a general context for instance
theoretically within the framework of the NLSE and the
inverse scattering transform (IST) in [2, 26], while nu-
merically in [25, 27] and experimentally in [28].
The evolution of the generated wave field is measured
equidistantly at nine positions along the wave flume. The
last wave gauge is placed 9 m from the wave maker, that
is still at 3 m distance from the beach, hence, far enough
to be affected by strong wave reflections. Fig. 3 de-
picts the propagation of the wave field with particular
emphasis on the hybrid Peregrine packets, in the inter-
vals bounded by the dashed lines.
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FIG. 3. (Color online) Evolution of the hybrid JONSWAP-
Peregrine wave field over 9 m. The bottom time-series (red
line) illustrates the boundary conditions, while the dashed
lines limit the unstable Peregrine packet, moving with the
group velocity cg =
ω
2k
= 0.46 m·s−1.
Indeed, we can clearly notice a significant focusing
during the propagation of a Peregrine-type wave packet
evolving in the irregular water wave field. The maximal
wave is measured at 7 m and highlights a wave height
of 5.22 cm. This latter wave train is isolated and shown
seperately in Fig. 4. As a matter of fact, we can state
that this Peregrine-type extreme wave is a rogue wave,
since the abnormality index of the maximal wave, defined
of being the ratio of maximal wave height and significant
wave height, exceeds two. Other physical features of this
extreme wave are summarized in Table I.
It is emphasized that due to strong focusing of the
wave, slight spilling breaking has been observed during
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FIG. 4. (Color online) Temporal wave displacement of the
maximal Peregrine-type rogue waves, measured 7 m from the
wave maker. The horizontal lines are described in the Fig.’s
caption.
the evolution. Nevertheless, these measurements prove
that Peregrine dynamics may indeed persist in a random
one dimensional sea states with strong irregularities, al-
lowing therefore tracking extreme oceanic event to back-
bone models of integrable evolution equations. This also
justifies once again the choice of investigating fundamen-
tal theoretical as well as physical properties of exact so-
lutions in order to accurately predict RWs in the ocean
[1, 2].
As next, the experimental wave evolution is compared
to numerical simulations, based on NLSE and MNLSE,
using the split-step method. The time-MNLSE [29, 30]
reads
i
(
Ψx +
2k
ω
Ψt
)
− 1
g
Ψtt − k3 |Ψ|2 Ψ
− i k
3
ω
(
6 |Ψ|2 ∂Ψ
∂t
+ 2Ψ
∂ |Ψ|2
∂t
− 2 i ΨH
[
∂ |Ψ|2
∂t
])
= 0
, (8)
while H denotes the Hilbert transform. The MNLSE is
an extension of the NLSE that improves approximation
of dispersion and that takes into account the mean flow
of the wave field. The surface measurement, restricted to
120 s and aligned with respect to the group velocity cg
as well as both simulation results are illustrated in Fig.
5.
4Standard deviation Characteristic amplitude Significant wave height Maximal height Abnormality index
σ = 0.64 cm achar = 0.90 cm Hs = 2.56 cm Hmax = 5.22 cm AI=2.04
TABLE I. Characteristic properties of the maximal wave in the 300 s wave train, measured 7 m from the wave generator.
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FIG. 5. (Color online) Upper panel: Surface displacements aligned by the value of the group velocity cg. Lower left panel:
NLSE simulation prediction results, starting from the same initial condition as in the laboratory experiments. Lower right
panel: MNLSE simulation prediction results, also starting from the same initial condition as in the laboratory experiments.
Both simulation results are in qualitative good agree-
ment with the laboratory experiments. We recall that
neither the NLS nor the MNLSE can model the break-
ing of the wave field since at this stage of approximation
the wave field is assumed to be irrotational, among other
limitations. In fact, both evolution equations prove to be
very accurate in predicting the extreme event, occurring
roughly at the expected distance from the wave genera-
tor, while surrounding modulated wave packets remain
stable during their evolution. Furthermore, it is interest-
ing to notice that the maximal wave amplification in the
MNLSE prediction occurs later compared to the NLSE,
in agreement with theory. Even though being generally
less accurate than the MNLSE when the wave process be-
comes broad-banded [31, 32], the NLSE simulations sur-
prsingly provide a better estimate to the start of growth
and decay of wave compression in the experiment. These
simulations also vindicate the application of these evolu-
tion equations for ocean waves [33].
To conclude, we have shown that doubly-localized PB
dynamics may persist on irregular background. Indeed,
the constructed hybrid Peregrine-JONSWAP wave field
with random phases is shown to generate a hydrodynamic
extreme event at the expected temporal and spatial local-
ity. The observed highest wave has an abnormality index
that exceeds two, satisfying the definition of ocean RWs.
The experimental results are effectively in good agree-
ment with NLSE and MNLSE simulations, both accurate
5in the prediction of the single extreme event despite con-
straints in the modeling that does not include viscosity,
dissipation, breaking, and other limitations associated
to laboratory experiments. Future work will character-
ize the influence of initial JONSWAP amplitudes, mode
phases as well as spectral parameters α and γ, which
have a significant influence when interacting with NLSE
breathers in the described approach. Numerical simula-
tions based on more accurate evolution equations, such
as the higher-order spectral method [34, 35], may char-
acterize the limitations of the approach as well as reveal
new insights to the problem, taking into account that the
latter are much faster to perform compared to laboratory
experiments. This study also discloses that characteris-
tic breather spectral properties in physical domain [36]
as well as in the IST plane [2, 37] are indeed promis-
ing features that can be applied for the sake of accurate
deterministic extreme event detection. Due to the inter-
disciplinary character of the approach it is expected that
analogous numerical and experimental studies may be
motivated for instance in Kerr media and plasma, hence,
improving the decryption of RWs’ as well as nonlinear
localized wave motions’ in regular and irregular states.
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